Systematic DFT calculations were carried out on a series of heterodinuclear complexes the fluoride adduct formation. For instance, the fluoride adduct formation quenches the absorption band of 3 around 400 nm and newly exhibits two absorption peaks at longer wavelength, 475 and 451 nm. These two peaks are assigned to ligand-field transitions ( → 2 and 2 − 2 → 2) including metalto-ligand charge transfer character. We discussed the reasons why the allosteric coordination can occur only in the fluoride adduct and induces these two absorptions in the longer wavelength region. In addition, 20 the Bi-Pd combination is also recommended for a fluoride sensing material, while the Sb-Pt combination is recommended for cyanide sensing.
Introduction
Fluoride anion plays a crucial role in biological process and also our daily life. 1 For instance, its excessive intake leads to dental 25 and skeletal fluorosis and even osteosarcoma. 2, 3 In this regard, the detection and the sensing of the anion are necessary. [4] [5] [6] [7] [8] Among various available recognition and sensing strategies, hydrogen bonding with fluoride anion is utilized for selective sensing function of amide, urea, thiourea, guanidinium and pyrrole 30 derivatives. [9] [10] [11] [12] [13] [14] [15] [16] [17] However, the drawback of this strategy is that most of the sensors can detect the anion only in organic media. In contrast to them, the polyfunctional main-group Lewis acids are expected to be an alternative sensing platform, because they are capable of strongly binding various anions. The sensing 35 mechanism of such Lewis acids is different from the common one observed for Brønsted acid-base reactions. [18] [19] [20] Among Lewis acids, the sensing for fluoride by organoboranes and related derivatives has been widely investigated. [21] [22] [23] [24] [25] They are not only able to present greater binding capacity with fluoride anion but 40 also to provide detectable photophysical change by the binding. This is an important merit of Lewis acid sensing materials. However, such complexes are in general unstable or even easily decomposed in the presence of water due to the large hydration energy of the anion. This disadvantage inevitably limits the scope 45 of their application. In other words, a good fluoride chemosensor must exhibit hydrolytic stability, as well as large ion affinity, high selectivity, and visible photophysical response. One strategy to satisfy these conditions is to utilize transition metals for building up the fluoride sensors. The strategy is guided by the expectation 50 that transition metals assist anion binding interaction without exerting any direct interaction with the guest anion and provide the detectable photophysical signal. 26 Based on above expectations, Wade et al. recently synthesized a hetero dinuclear stibine-palladium complex [(o-55 (Ph2P)C6H4)3SbPdCl] + and found that it is useful for visual detection of fluoride anion with high selectivity. 27 An attractive aspect is the geometry change of the palladium center from a square-planar to a trigonal-bipyramidal structure by the formation of fluoride adduct, as shown in Scheme 1. The authors discussed 60 that the geometry change is responsible to the appearance of intense ligand-field transition by the fluoride adduct formation and the appearance of new absorption band is crucial for colorimetric sensing. The compounds were investigated by X-ray diffraction, NMR spectroscopy, and UV/vis spectra. However, Complexes including the interaction between transition-metal and hypervalent heavy main-group element have been reported a long time ago by Akiba group; 28 for instance, group 6, 8 and 10 transition metal complexes with hypervalent antimony and phosphorus species were synthesized. Besides, group 6, 10 and 12 transition metal complexes with hypervalent silicon and tin species were recently reported. [29] [30] [31] [32] Though all these complexes are interesting from the viewpoint of bonding nature and electronic structure, they have not been used as a sensing material. 15 Also, theoretical studies of these transition metal complexes with main group hypervalent species have been limited. 20, 33, 34 In this regard, it is of considerable importance to elucidate the mechanism of fluoride sensing function of the heterodinuclear Sb/Pd complex based on theoretical knowledge of the bonding 20 nature.
In the present work, we performed systematic density functional theory (DFT) calculations on a series of heterodinuclear main-group/transition-metal complexes [(o-(Ph2P)C6H4)3M 
, and [(o-(Ph2P)C6H4)3SbPdCl]F (3F), were investigated, as shown in Fig. 1 ; note that 2 and 2F include two phosphine groups in the Sb moiety and 3 and 3F include three phosphines (Scheme 1). For the comparisons, a 70 non-transition-metal compound Ph4Sb + (1) and its fluoride adduct Ph4SbF (1F) were investigated. In 2 and 3, the Pd center takes a pseudo-square-planar four-coordinate structure, as reported experimentally. 27 The Sb-C bonds of 2 and 3 are longer than in 1 (2.105 Å) by 0.013~0.046 Å, probably due to the presence of the 75 Pd-Sb coordination bond. In 3, the presence of the third bulky PPh2 moiety (P3 moiety, i.e., PPh2-3) induces moderate expansion of the framework; for instance, see the Sb-C4 distance of 2.151 Å in 3 and 2.132 Å in 2. Also, the Pd-Sb-C5 angle (136.6°) is larger in 3 than in 2 (125.9°). In the fluoride adducts, 80 the Sb-F bond length is 2.052 Å and 2.047 Å in 2F and 3F, respectively. They are little different from that of 1F, indicating that the Sb-F distance depends on the substituent at the trans position little. The formation of the Sb-F bond changes the tetrahedral coordination geometry of the Sb center (1, 2, and 3) to 85 a trigonal-bipyramidal one (1F, 2F, and 3F). The Wiberg Sb-C bond index decreases by the fluoride addition; see Table S8 . Consistent with this change, the average Sb-C bond is moderately elongated by 0.02~0.04 Å in 1F, 2F and 3F. The Pd-Cl and PdSb bonds of 2F and 3F are longer than in 2 and 3. The Pd-P1 and 90 Pd-P2 distances become smaller in 2F than in 2, while they become larger in 3F than in 3. All these geometrical changes may not be easily explained by a single factor but by the combination of the electronic effects, the structural effects and the allosteric coordination of the third phosphine, as will be discussed below. When going from 1 to 1F, the Sb atomic population decreases by 0.174e and electron populations of all phenyl groups increase, as shown in Table 1 ; in particular, the electron population of the Ph4 group increases by 0.179e more than those of other phenyl PPh2-2 moieties also increase by 0.109e in 2F, respectively, suggesting that the σ-donation of phosphine becomes weaker in 2F. This is against the Pd-P1 and Pd-P2 bond shortening by about 0.03 Å. It is likely that this unexpected result arises from the chelating structure of (o-(Ph2P)C6H4)2PhSb ligand, as follows: In 25 the fluoride adduct, the Sb center takes a trigonal-bipyramidal structure, in which the Ph group on the Sb moves downward, as shown by the decrease in the Pd-Sb-C5 angle to 97.8° in 2F from 125.9° in 2 (Fig. 1) . Hence, the Ph moiety must approach the Pd center.
30
To ascertain the above explanation, we investigated a model complex 2m and its fluoride adduct 2mF, in which the phosphine moiety is not bound with the Sb moiety and the simplest PH3 was employed to avoid steric effect, as shown in Fig. S1 . Though the Pd-Cl and Pd-Sb distances change similar to those in the 2 → 2F 35 conversion, the Pd-P distance becomes shorter in the 2m → 2mF conversion to a much lesser extent than in the 2 → 2F conversion. These results indicate that the chelating structure of (o-(Ph2P)C6H4)2PhSb is one of the important factors for the Pd-P bond shortening induced by the 2 → 2F conversion. 53 40 In 3F, the similar population changes are observed in the Sb, P1, P2 and Cl atoms, while the p electron population of the Pd center considerably increases by 0.559e in Table 1 . This increase in the Pd p orbital population arises from the allosteric coordination of the third phosphine, as follows: In 3F, the P1, P2, 45 and P3 phosphines coordinate with the Pd center in the xy plane; see Scheme 1 for x, y, and z-axes. Because the 2 orbital is unoccupied in a formal sense in the trigonal-bipyramidal d 8 complex, three phosphines must interact with 4 2, and outer 5s, 5px and 5py orbitals. However, the 4 2 orbital has larger lobes 50 along the z-axis and smaller one on the xy plane. Hence, it mainly interacts with the Sb and Cl and moderately with three phosphines. As a result, the three phosphines mainly interact with the Pd 5s, 5px and 5py orbitals. This leads to considerable increase in the p orbital population. Also, the Pd-P coordinate bonds 55 become considerably weaker in the trigonal-bipyramidal d 8 structure than those of 3. The similar changes in electron population and Pd-P distance are observed in model complexes; see the geometrical changes ( Fig. S1 ) and the natural population changes (Table S9) . 60 In addition, the interaction between transition-metal and hypervalent species is of considerable interest but it has not been investigated well. Hence, we investigated the donating ability and the trans-influence of the hypervalent Sb species, because these are important in the coordination chemistry. The model complex 65 2m is compared with its Si analogue, [PdCl(SiPh3)(PH3)2] (2mSi), because the SiPh3 ligand is strongly-donating and its transinfluence is strong, as is well known. The Pd-Cl distance (2.376 Å) of 2m is considerably shorter than that of 2mSi (2.489 Å), indicating that the trans-influence of SbPh3 is weaker than those 70 of SiPh3; see Fig. S1 . Consistent with the results of transinfluence, the donation from SiPh3 is stronger than that from SbPh3; see the electron population of the PdCl(PH3)2 moiety in Table S9 . However, in 2mF, the Pd-Cl distance is moderately longer than that of 2mSi, and the electron population of the 75 PdCl(PH3)2 moiety is larger in 2mF than in 2mSi. These results clearly indicate that the hypervalent Sb moiety exhibits stronger allosteric coordination of the third phosphine P3 with the Pd center is induced by the fluoride addition. Because this is crucial for colorimetric detection of fluoride anion, as will be discussed below, it is of considerable importance to elucidate the reason why the third phosphine coordinates with the Pd center not in 3 15 but in 3F. As the first step, we investigated whether the phosphine coordinates with the Pd center in 3 (i.e., without F -) or not. As shown in Fig. 1 , we constructed a model complex 3' and optimized its geometry in which the Pd-P3 distance is in the range of the usual Pd-P coordinate bond one. The optimized Pd-20 P3 distance of 2.422 Å is somewhat shorter than the Pd-P1 and similar to the Pd-P2 distance, indicating that the Pd-P3 bonding interaction is formed in 3'. The electron populations of 3' are considerably different from those of 3, as shown in Table 1 . In particular, the large p orbital population (19.070e) of the Pd is 25 found. This is consistent with the trigonal-bipyramidal d + (3m) and 3mF were calculated here to investigate the effect of the bridging structure of (o-(Ph2P)C6H4)3Sb, as shown in Fig. S1 . In 3m, the Pd-P3 distance is much longer than the other Pd-P distances. The model 3m is moderately more stable than 2m + PH3 by 1.57 kcal mol −1 , 35 indicating that the P3 coordination in 3m is a thermodynamically favourable process. These differences between 3m and 3' suggest that the chelating structure of the (o-(Ph2P)C6H4)3Sb moiety gives rise to a considerably large destabilization energy of 3' when the allosteric coordination of the P3 phosphine occurs. Certainly, the 40 (o-(Ph2P)C6H4)3Sb moiety in 3' is much more unstable than in 3 by 18.31 kcal mol −1 . This strain energy is larger than the stabilization by the coordination of the third phosphine, which is about 12.33 kcal mol −1 . 54 Hence, it should be concluded that the P3 phosphine does not coordinate with the Pd center in the 45 absence of fluoride anion. We investigated the fluoride adduct 3F' without the allosteric coordination, in which the Pd-P3 distance (3.790 Å) is considerably larger than the usual coordinate bond. Interestingly, 3F is moderately more stable than 3F' by 1.74 kcal mol −1 . The (o-(Ph2P)C6H4)3SbF moiety in 3F is 50 a little bit more unstable than in 3F' by 3.44 kcal mol −1 , indicating that the strain energy becomes very small in 3F. Because this moderate strain energy is overcome by the Pd-P3 coordinate bond, the allosteric coordination of the third phosphine occurs in 3F. In a model system, on the contrary, 3mF 55 is moderately less stable than 2mF + PH3. This indicates that the coordination of the third phosphine does not occur in a model system even in the fluoride adduct. In the model system, the phosphine moiety is not connected with the Sb moiety. These results suggest that the chelating structure of the (o-60 (Ph2P)C6H4)3Sb ligand is responsible for the allosteric coordination of the third phosphine in 3F.
The next issue to be elucidated is the reason why the chelating structure of the (o-(Ph2P)C6H4)3SbF moiety is necessary for the allosteric coordination. When the fluoride adduct is formed, the 65 C5-Sb-Pd angle decreases to 97.3° from 136.6° in 3. In such geometry, the P3 atom can take a position on the equatorial plane of the trigonal-bipyramidal structure. Because this geometry is close to that in 3F, the coordination of the P3 phosphine can occur with a smaller energy loss in the fluoride adduct 3F than in 70 3. It should be concluded that the chelating structure of (o-(Ph2P)C6H4)3Sb is the origin of the absence of the P3 allosteric coordination in 3 but the presence of the P3 coordination in 3F; in other words, the chelating structure of the Sb moiety plays a crucial role in the allosteric coordination. The fluoride adduct formations of 4-8 show similar structural changes to those of the 3 → 3F conversion; see Fig. S2 and S3 in ESI for these complexes. In order to confirm if the abovementioned allosteric coordination of phosphine also occurs in these complexes, geometries of two isomers with and without the 15 allosteric coordination were optimized. In all these complexes, the structure with the allosteric phosphine coordination is moderately more stable than that without the allosteric coordination; see 4F'-8F' and 4F-8F in Fig. S4 . These results suggest that these analogues are considered to be a candidate of a Table   25 2. In the experimental conditions, the tetra-phenylborate (TPB) anion is involved as a counter ion of cationic complexes (2 and 3) and the tetra-n-butylammonium (TBA) cation is involved as a counter ion of fluoride anion. 27 The neglect of those counter cation and anion would lead to the overestimation of binding + were employed as models of the counter anion and cation, respectively, to reduce the computational cost. For these computational details, see ESI.
Other combination of Lewis acids and transition-metal
As seen in Table 2 , the entries 1-3 are exothermic; the exothermicity decreases in the order 1 (-20.8) > 2 (-18.5) > 3 35 (-15.5 kcal mol -1 ), where a negative value indicates stabilization in energy. This is consistent with the Lewis acidity of the Sb center; the Sb positive charge decreases in the order 1 > 2 > 3 ( Table 3) . In the As analogue, the binding energy is positive (repulsive); see entry 4 of Table 2 . In the Bi analogue, the binding energy is somewhat smaller than that of the Sb-Pd combination; see entry 5 in Table 2 . As shown in entries 6-8, the Sb-Pt and Bi-Pt 45 combinations provide moderately larger binding energies than the Pd analogues, while the As-Pt combination presents the similar positive binding energy to that of the As-Pd pair. The very small affinity of the As analogue is consistent with the smaller positive charge on the As center (in 4 or 7, Table 3 ). Based on these 50 results, it is concluded that the Sb-Pd/Pt combination is the best as M 1 -M 2 , the Bi-Pd/Pt is the next, and the As-Pd/Pt cannot be applied to fluoride sensing. 6. Important electronic factor for binding energy of fluoride adduct. The NBO analysis clearly shows that the positive charge 55 of Sb decreases monotonously from 1 (2.21e) to 3 (1.73e); see Table 3 . Though the positive charge of the Sb center is smaller in 2 and 3 than in 1 (see the detailed discussion in ESI), the coordinate bond plays a crucial role in capturing a fluoride anion. Actually, neutral SbPh3 cannot form a fluoride adduct at all; see The smaller Lewis acidity in 3 than in 2 is attributed to the presence of the PPh2 group at the ortho position of the Ph group bound with the Sb center. This PPh2 group is positively charged (0.43e), indicating that it is electron-donating. As a result, the 65 Lewis acidity of the Sb center is weaker in 3 than in 2.
The As and Bi centers of 4 and 5 are less positively charged than the Sb of 3. The Pauling electronegativity increases in the order Bi (2.02) < Sb (2.05) < As (2.18). The smaller positive charge of the As center arises from its larger electronegativity. 70 However, the smaller positive charge of the Bi than that of the Sb cannot be explained in terms of its smaller electronegativity. In M 1 Ph3 (M 1 = As, Sb, or Bi), the M 1 atomic charge decreases in the order Sb (1.26) > Bi (1.24) > As (1.05), where in parenthesis is the NBO atomic charge. cyanide, and thiocyanide. The selectivity of 3 for fluoride anion is an important factor to a good sensor for fluoride anion. The binding energy was calculated with chloride, bromide, cyanide, and thiocyanide anions, as listed in Table 2 . The formation of chloride, bromide, and thiocyanide adducts are endothermic; see 15 entries 9, 10, and 12 in Table 2 . Though the formation of cyanide adduct (entry 11) is exothermic, the exothermicity is much less than the formation of fluoride adduct (entry 3). Thus, it is concluded that 3 is highly selective for a fluoride anion, which is in agreement with the experimental report. 27 20 It should be noted here that the allosteric coordination of the third phosphine with the Pd center does not occur in these anion adducts and the Pd center persists in taking a four-coordinate , for X = Br and SCN, respectively. Hence, it should be concluded that the P3 phosphine does not coordinate with the Pd center in the adducts of chloride, bromide, and thiocyanide anions. This structure should be unfavorable for spectral detection of the anion-capturing, as will be discussed 20 below. In the case of cyanide anion (X = CN), the strain energy is 3.53 kcal mol −1 , which is slightly smaller than the stabilization by the P3 coordination. This is because the Sb-CN binding is somewhat strong. Actually, the allosteric coordinating system is as stable as the system without the allosteric one in the Sb-Pd 25 combination; see 3CN and 3CN' in Fig. S7 . In the Pt analogue, the allosteric coordinating structure is somewhat more stable than that without it; see 6CN and 6CN' in Fig. S7 . These results suggest that the Sb-Pt combination is more favorable for the allosteric coordination than the Sb-Pd. 30 The above results are useful for constructing a good sensor for fluoride and cyanide anions. When one wants to detect cyanide anion, the use of the Sb-Pt combination (6) is recommended because the Sb-Pt combination provides a larger binding energy and induces the stronger allosteric coordination of the P3 than the 35 Sb-Pd (3). When one wants to detect only fluoride anion without interference from cyanide anion, the use of the Bi-Pd combination (5) is recommended because the Bi-Pd can induce the allosteric coordination of the P3 only by the fluoride anioncapturing; see Table 2 and Fig. S7.   40 8. Absorption spectra. A good sensor for fluoride anion must possess strong anion affinity and exhibit a clear spectral change by the fluoride anion-capturing. As illustrated in Fig. 2 and listed in Table 4 , the calculated absorption spectra of 2 and 3 agree with the experimental ones. The calculated absorption bands at 383 nm 45 of 2, 396 nm of 3, 451 and 475 nm of 3F are close to the experimental values; 381 nm of 2, 366 nm of 3, 435 and 487 nm of 3F, respectively. 27 In 2, all absorption peaks appear in a near ultraviolet region. Two strong absorption bands calculated at 383 and 315 nm are mainly assigned to ligand-field transitions (LFT) 50 including a ligand-to-metal charge transfer (LMCT) character from the HOMO and the HOMO-2 to the LUMO, respectively, where it is represented as LFT/LMCT; see Fig. 3 (A) for these MOs. Additional weak absorption peaks at 360 and 353 nm are also assigned to LFT/LMCT from the HOMO-1 and the HOMO- 55 3 to the LUMO, respectively, in which the LFT character is large. In the fluoride adduct 2F, two large absorption bands disappear but one strong band appears around 330 nm, which consists of one large (332 nm), two medium (302 and 348 nm), and one small (321 nm) absorption peaks. The strong absorption peak at 60 332 nm is assigned to LFT/LMCT from the HOMO-1 to the LUMO. Other weak absorption peaks at 302 and 321 are oneelectron excitations of the HOMO-2 → LUMO and the HOMO-3 → LUMO, respectively. The lowest energy absorption at 348 nm is assigned to a Pd-based LFT from the HOMO to the LUMO; 65 see Fig. 3(B) . For a detailed discussion about absorption spectra of 2 and 2F, see ESI. It should be noted that all these new absorptions are found in a near UV region. Even though some electronic photodetectors are able to observe the spectral change in this region, the visible change is much better for easy detection 70 of the fluoride anion.
In comparison with the spectral change by the 2 → 2F conversion, a significantly large spectral change is observed in the 3 → 3F conversion, as shown in Fig. 2(B) ; 3 exhibits a large absorption at 366 nm, 27 which is calculated at 396 nm. This 75 absorption is not observed in 2. This band is mainly composed of one-electron excitation from the HOMO to the LUMO. Though the LUMO of 3 is essentially the same as that of 2, the HOMO of 3 is completely different from that of 2. The HOMO of 3 is the lone pair orbital of the free phosphine moiety, as clearly shown in 80 Fig. 4(A) . This lone pair orbital expands toward the unoccupied dσ orbital. Hence, the LMCT transition strongly occurs. Though this assignment is different from the experimental proposal, 27 the present assignment is reasonable because the lone pair of phosphine exists at a high energy in general. Other three weak Fig. 4(B) . The LUMO is an anti-bonding MO between the Pd dσ and the Sb lone pair orbitals. Thus, they are assigned to the Pd-center LFT consisting of → 2 and 2 − 2 → 2 with some of LMCT character (see Scheme 1 for the x, y, and z-axes). Because of the 10 presence of a new large absorption in the visible region, it is concluded that 3 is an excellent selective colorimetric fluoride sensor, as reported experimentally. 27 To elucidate if the allosteric coordination of the third phosphine with the Pd center is the origin of the new absorptions 15 of 3F, absorption spectra of three complexes 2F, 3F, and 3F' are compared, as shown in Fig. 5 . Complex 3F' exhibits one absorption band around 360 nm consisting of two peaks around 375 and 350 nm. This is similar to that of 2F. As shown in Table  4 and Fig. S8 , four weak absorptions of 3F' calculated at 375, 20 350, 338, and 316 nm correspond to the absorptions of 3 at 396, 405, 371, and 360 nm, respectively, due to the similar pseudosquare-planar Pd coordination structure. In the 3 → 3F conversion, on the other hand, new absorption peaks appear in the long wavelength region, as discussed above. It is of considerable 25 importance to elucidate the reason why 3F exhibits a large absorption in visible region but 3F' does not. In the trigonalbipyramidal structure of 3F, the 2 orbital forms anti-bonding interactions with the Sb lone pair and Cl pσ orbitals along the zaxis. This is the LUMO. The dxy and 2 − 2 orbitals interact with 30 three phosphine lone pair orbitals in the xy-plane in an anti- 40 bonding way. The non-bonding dxz and dyz orbitals do not undergo the anti-bonding destabilization and consequently exist at much low energy levels, as shown in Scheme 2. In the pseudosquare-planar 3F', on the other hand, the 2 − 2 orbital exists at a much high energy due to the anti-bonding interactions with four 45 ligands (P1, P2, Cl and Sb) along the x-and z-axes. Conversely, the other d orbitals exist at a much low energy levels because they are either non-bonding or weakly anti-bonding. As a result, the dxy and 2 − 2 orbitals exist at considerably higher energy in 3F than the dxz and dxy orbitals in 3F', while the 2 orbital of 3F 50 exists at a lower energy than the 2 − 2 orbital of 3F'; see Scheme 2. Accordingly, d-d energy gap (Eg) is smaller in the trigonal bipyramidal 3F than in the square-planar 3F'. These results clearly show that the allosteric coordination of the third phosphine with the Pd center decreases the d-d energy separation, 55 which leads to the presence of new peak in a visible region.
Because the allosteric coordination of the third phosphine with the Pd center does not occur in the cases of chloride, bromide, and thiocyanide anions (Fig. S6) , the colorimetric response for these anions cannot be achieved, even if 3 can capture these 60 anions. Based on these results, it is concluded that 3 is an excellent sensor to fluoride anion because of the large capturing ability for fluoride anion and the remarkable change of absorption spectra by fluoride binding. 9. Spectral changes in As, Bi, and Pt analogues. What changes in the spectrum occur in other complexes 5, 6, and 8 when here because of the absence of the capturing ability, as was discussed in Table 2 . The calculated absorption spectra of 5, 6, 8, and their fluoride adducts are plotted in Fig. 6 ; see Table S10 for their excitation energies and assignments and Fig. S9 for MOs participating in important transitions. Despite of the difference in 10 fluoride capturing ability from that of 3, these complexes exhibit similar spectral changes to those of 3F. This is because all these complexes undergo the allosteric coordination. The Bi analogues 5 and 5F exhibit bathochromic shift of absorption spectra, as shown in Fig. 6(A) . It is noted that the fluoride anion adduct 5F 15 presents a large absorption peak at 546 nm, which may be easily detected. In contrast, the Pt analogues induce blue shift of absorption spectra in 6, 6F, 8, and 8F. Like 3, the fluoride adduct formation quenches the absorption bands of 6 and 8 around 350 and 366 nm, respectively, and provides a new absorption band in 20 the longer wavelength region, ca. 420 nm for 6F and 470 nm for 8F. These new absorption spectra are assigned to the transitionmetal-center LFT/LMCT like that of 3F. It is noted that the cyanide adduct of 6 provide a similar absorption with 6F around 420 nm (Fig. 6(B) ), indicating that 6 is also useful for sensing 25 cyanide anion.
In conclusion, the use of Bi is effective to induce bathochromic shift. Because the Bi-Pd complex exhibits large ability for capturing fluoride anion, the Bi-Pd combination is also recommended for fluoride sensing material. Though the Pt 30 analogue induces a blue shift, the new absorption of cyanide adduct is observed in visible region. This means that the Sb-Pt combination is useful for detecting the cyanide anion.
Conclusions
The colorimetric fluoride sensing property of the heterodinuclear of the hypervalent M 1 -F bond induces the allosteric coordination of the P3 with the M 2 center. Accordingly, the coordination geometry of the M 2 center changes from a four-coordinate planar structure in 3-8 to a five-coordinate trigonal-bipyramid in fluoride adducts (3F-8F). 50 (2) The calculated absorption spectra agree with the experimental ones. For instance, the two absorption bands at 383 and 315 nm (2) disappear but a new strong peak appears at 332 nm (2F), when 2 converts to 2F. These absorptions are mainly assigned to LFT/LMCT. The addition of fluoride anion to 3 55 quenches the absorption band around 400 nm but newly produces two absorption peaks (475 and 451 nm) in the long wavelength region in 3F. They are assigned to the Pd-based LFT, → 2 and 2 − 2 → 2 including LMCT character. The allosteric coordination of the P3 with the Pd center plays a crucial role in 60 decreasing the d-d orbital energy separation and hence the resultant spectrum appears in the visible region in the fluoride adduct.
(3) This kind of heterodinuclear complex 3 exhibits high selectivity for fluoride anion. In the anion-capturing process of 3 65 for such other anions as chloride, bromide and thiocyanide anions, the Pd center does not change to a trigonal-bipyramidal structure and their binding energies with those anions are only 6.0, 4.3, and 3.1 kcal mol −1 , respectively. The binding energy for cyanide adduct (−9.9 kcal mol −1 ) is moderately smaller than that for the 70 fluoride adduct, but it is enough to bind the cyanide anion. The allosteric coordination is not stable in the cyanide adduct of the Sb-Pd combination, however, in the cyanide adduct of the Sb-Pt the allosteric coordination form is more stable than the other structure without the allosteric coordination. Actually, the 75 cyanide adduct 6CN provides a large absorption in visible region. Thus, the Sb-Pt combination is suggested to be useful for detecting cyanide anion. (4) In the absence of fluoride anion, the strain energy of the bridging (o-(Ph2P)C6H4)3Sb moiety of 3' is much larger than the stabilization induced by the coordination of the third phosphine. In the fluoride adduct, on the contrary, the moderate strain energy 5 is overcome by the Pd-P3 coordinate bond. Hence, the chelating structure of (o-(Ph2P)C6H4)3Sb is the origin of the absence of the P3 allosteric coordination in 3 but the presence of the P3 coordination in 3F; in other words, this ligand plays a crucial role in the allosteric coordination. 10 The Bi-Pd (5) and Bi-Pt (8) combinations provide a moderately smaller binding energies (-10.5 and -10.9 kcal mol -1 ) than that of 3, and the Sb-Pt combination (6) presents a bit larger binding energy (-16.2 kcal mol -1 ) than 3. Also, 5, 6, and 8 exhibit similar spectral changes to those of the 3 → 3F conversion 15 because of the allosteric coordination on the Pd/Pt center in the fluoride adduct. The Bi-Pd combination is recommended for fluoride sensing material without interference from cyanide anion.
In addition to the theoretical answers for four questions, we wish to mention here characteristic features of the hypervalent Sb 20 species. Our calculations clearly show that the stibine (SbR3) is less electron-donating than the silyl (SiR3) but the hypervalent Sb species (SbR3F -) is stronger electron-donating and exhibits stronger trans-influence than the silyl. Because the silyl is a typical strongly donating ligand with strong trans-influence, this 25 feature of the hypervalent Sb species is of considerable interest in the coordination chemistry; for instance, the ligand field in the transition-metal stibine complex is enhanced very much by addition of fluoride anion.
